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Abstract-We investigated the effect of the intermediate annealing 
conditions on the grain textures and the magnetic properties in thin 
grain-oriented silicon steel sheets produced by the three-stage 
rolling method. It was found that the lower the intermediate an- 
nealing temperature is, the better the [001] orientation is achieved. 
In addition, the reduction of the intermediate annealing tempera- 
tures improves dc magnetic properties ( B 8 ,  Hc) and enables to 
reduce the iron loss in thin silicon steels. The measured iron loss 
W13/50 under the applied tensile strength of 2 kg/mm2 was 0.28 
Wkg, which is less than that of the conventional (300 pm) grain- 
oriented silicon steels by about 50 %. 
I .  INTRODUCTION 
Although a reduction of tluckness is the most effective way 
to reduce the iron loss in silicon steels[l],[2], it is generally 
d&icult to produce grain-oriented silicon steel sheets thinner 
than 160 pin by secondary recrystallization with inhibitors[3]. 
Recently, we have reported that thin grain-oriented silicon steel 
sheets, whose iron loss W13/50 at 1.3 T, 50 Hz under the ap- 
plied tensile strength of 2 kg/mm2 is 0.38 Wkg, can be pro- 
duced by the three-stage rolling method[4]. However, the aver- 
age ff angle (angle between [OOl] axis and rolling direction in 
plane) of these sheets was about 4-5" , which is larger than the 
average a angle of 3" reported in conventional grain-oriented 
silicon steels[5]. On the other hand, Sakakura et. al. have re- 
ported that the higher the [OOl] orientation becomes, the lower 
the hysteresis loss is[6]. This result suggests that iirrther im- 
provement in the iron loss of our thm grain-oriented sheets 
would be achieved by improving the [OOl] orientation. 
This contribution reports that by selecting the optimum 
intermediate annealing temperature for the [OOl] orientation, we 
can obtain highly oriented 80 pm thick silicon steel sheets. The 
measured iron loss W13/50 under the applied tensile strength of 
2 kg/mm2 was 0.28 W/kg. 
.EXPERIMENTAL PROCEDURE 
In our previous report, the three-stage rolling method was 
made up of a three-stage rolling process with intermediate an- 
nealings at 750 "c for 1 h to obtain thin rolled sheets from hot- 
rolled silicon steels and the final annealing to obtain the 
(1 10)[001] texture[4]. Recently we, however, found that two 
minutes intermediate annealing is long enough to grow (1 10) 
grains completely in a sheet. Therefore, in this report, the time 
of all intermediate annealings was fixed at two minutes as 
shown in Fig. 1. We have already confirmed that in the three- 
stage rolling method, the amount of all rolling reductions is 
needed more than 50 % to obtain highly-oriented thin silicon 
steel sheets, when the condition of the intermediate annealings is 
750 "c for 1 h[5]. Therefore, we selected 80 %, 60 % and 50 % 
as the amounts of the three-stage rolling reductions in this report. 
Further, the intermediate and final annealings were carried out 
in a vacuum of 1 X 10 -3 Pa. The 80 pm thick rolled sheets were 
cut into pieces of 100 mm in length and 5-7" in width and 
finally annealed with an infrared furnace for 1 h at 700(as 
shown in Fig. 5) or 1150 "C ( as displayed in Figs. 2,3,4 and 6). 
[ Hot-rolled silicon steels I 2 mm 
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I Final annealing I 700 or 1150°C for Ih, 80 pin 
Fig. 1 Diagram of threestep rolling method of producing 80 p n  thick silicon steel 
sheets. 
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Fig.2 Magnetic induction under applied field of 800 Nm, Bg , and coercive fmce, Hc, 
obtained by threestage rolling metliod as a hnction of intermediate annealing tem- 
perature. 
The recrystallized texture was observed by means of x-ray 
difFraction and etch-pits. The static coercive force and the mag- 
netic induction were measured with a dc B-H loop tracer. The 
iron loss was measured with a single sheet tester. 
N. RESULTS AND DISCUSSION 
A.  Reduction of Iron Loss in Thin Silicon Steel Sheets Produced 
by Three-Stage Rolling Method 
Previously, we found that the intermediate annealing 
temperature strongly a€€- the magnetic properties in two-stage 
rolling method[7], which is not suitable for the production of 
thin gramoriented silicon steel sheets. In this section, we exam- 
ined the optimum temperature of the intermediate annealing to 
obtain the superior magnetic properties in 80 pm thick sheets 
produced by the three-stage rolling method. 
Fig. 2 shows the dependence of the magnetic induction at 
Three-step rolling method 
Tensile stress:2kg/mm2 
B8:I . 9 5 0  Hc:l.3(A/m) 
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Fig.3 Magnetic loss of 80 pm thick grain-oriented silicon steel sheets obtaitied by 
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Fig4 (Y angle obtained by threestage rolling methcd as a hndion of intennediate 
annealing temperature. 
800 A/m, B8, and the coercive force, Hc, in the finally annealed 
80 pm thick sheets on the intermediate annealing temperature 
Tai. In the sheets produced by Tai=800 t, the value of B8 is 
reproducible and the average value of B8 is about 1.9 T. Ths  
value is comparable to the d u e  of in conventional grain- 
oriented silicon steels. On the other hand, in the sheets with 
Tai=600 r, B8 was scattered, but Bs was over 1.95 T in some 
samples. 
Further, we evaluated the iron loss of the finally annealed 
80 pm thick sheets produced by Tai=600 and 800 “c. As Bx of 
the sheets with Tai=600 “c scatters as seen in Fig.2, we se- 
lected a sheet With B8>1.9 T as a sample of measurement. The 
B8 and Hc of a measured sample were 1.95 T, 1.3 “(600 “c) 
and 1.89 T, 2.0 A/m (800 “c), respectively. In the sheet pro- 
duced with Tai=800 “c, the iron loss W13/50 at 1.3 T , 50 Hz 
under the applied tensile strength of 2 kg/mm2 was 0.33 Wkg.  
The result for the sheet with Tai=600 “c is shown in Fig. 3. 
The iron loss W13/50 under the same condition was about 0.28 
Wkg, which is less than that of the conventional (300 Y m) 
grain-oriented silicon steels by about 50 %. 
B. Effect o f Intermediate Annealing Temperature on Grain 
Texture of Thin Silicon Steel Sheets 
To examine the reason why the magnetic properties are 
strongly a€€kcted by the intermediate annealing temperature, we 
investigated the grain texture of finally annealed 80 p thick 
sheets produced under various intermediate annealing tempera- 
tures. 
The relationship between the average a angle of the sheets 
and the intermediate annealing temperature is displayed in Fig. 
4. The lower the annealing temperature was, the smaller the 
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Fig5 Texture coefficient of primary recIystallized 80 p thick silicon steel sheets as a 
function of intermediate annealing teniperature. 
Fig6 Grain diameter obtained by three-stage rolling method as a function of interme- 
diate annealing temperature 
average a angle was. In the sheets with Tai=600 and 700 ‘C, vement of the [OOI] orientation[6]. 
the average a angle was nearly 3”. However, we also found that 
it is difficult to obtain sheets completely covered with the (1 IO) N .  CONCLUSION 
grains at Tai=600 and 700 “C. This fact is considered to be 
responsible for the scattered B8 shown in Fig.2. It was clarified that the control of the intermediate annealing 
The grain texture was observed with an optical microscope temperature reduces the iron loss in thin grain-oriented silicon 
to obtain detailed information about (110) grain growth. The steel sheets produced by the three-stage rolling method. The 
effect of the intermediate annealing temperature on the texture measured iron loss W13/50 under the applied tensile strength of 
coefficient of primary- recrystallized sheets was investigated as 2 kgh“m was 0.28 Wkg, which is less than that of the conven- 
shown in Fig.5. The texture coefficient (1 10) was calculated tional (300 pm) grain-oriented silicon steels by about 50 %. 
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